The capercaillie Tetrao urogallus has become endangered in central Europe, most probably as a result of habitat changes. Breeding ecology was studied by following radio-tagged hens through egg-laying, incubation, and chick-rearing between 1988 and 1992 
INTRODUCTION
During the last few decades, capercaillie Tetrao urogallus numbers have markedly declined in most of its range. In central Europe, the species is highly endangered, and numerous local populations have disappeared. Loss and deterioration of habitats have been assumed to be the major causes (see review in Klaus et al., 1986) . Changes in reproductive success, i.e. the production and survival of young, may have led to the population decline observed (e.g. Klaus, 1985; Klaus et al., 1986) . Changes in capercaillie breeding success are mostly ascribed to extrinsic factors, mainly climate, insect availability, and predators. Predation is frequently the proximate cause of mortality (Marcstram et al., 1988; Kastdalen & Wegge, 1991; Storch & Willebrand, 1991) . However, factors are likely to act in concert, since resource availability and predation risk may vary in time and space due to habitat and weather conditions.
Capercaillie conservation in central Europe is built on high ambitions but a poor database. Our knowledge has traditionally been focused on males in the display season. Studies into habitat relationships of breeding hens and of broods are lacking, despite their importance for conservation. The objective of this study was to fill these gaps. In this paper, I describe habitat, range use, and survival of capercaillie nests and broods from the Alps, based on radio-tagged hens, and discuss implications for conservation.
STUDY AREA
The study area was Teisenberg, a 50 km' mountain range of the foothills of the Bavarian Alps, Germany. Elevations vary between 700 and 1800 m. The lower slopes (<1000 m) include 51% of the area; 42% belong to the upper slopes (1000-1300 m), the range with the best bilberry Vaccinium myrtillus cover (Storch, 1993a) . Only 7% of the area is above 1300 m altitude. The climate is moist and temperate with mean annual temperatures of 5°C and precipitation of 1800 mm. July is the wannest month (14.5°C), and June and July the wettest -1991 . The main tree species was Norway spruce Picea abies (70%) mixed with fir Abies alba (10%) and beech Fagus sylvatica (15%). Stands of varying ages formed a forest mosaic with patches of 1-100 ha. Canopy height reached 30 m. Bilberry dominated the understorey in the central part of the area, otherwise grasses prevailed. Teisenberg held 100-200 capercaillie, and exchange with populations in adjacent mountain ranges was regularly observed. Among potential predators of nests and chicks, red fox Vulpes vulpes, European badger Meles meles, pine marten Martes martes, goshawk Accipiter gentilis, and corvids Corax corax and Garrulus glandarius were common.
METHODS

Habitat features
Forest stands on Teisenberg were mostly even-aged. Habitat patches ( 1 ha; n = 558) were distinguished by successional stage: clearcuts (cleared areas covered by natural regeneration; c. 0-10 years old), thickets (young forest before thinning; c. 10-20 years), pole stage (young forest after first thinning; c. 20-50 years), middle-aged forest (after second thinning, mean canopy cover 70%; c. 50-90 years), and old forest (final felling 238 use Storch stage, mean canopy cover 56%; _90 years). In the summers of 1989 and 1990, habitat structure was recorded within a total of 4500 random plots (radius 10 m, c. 1 plot per ha). At least three random plots were sampled per patch, and the mean values of the plots sampled were used to describe the patches. A habitat map was created using a geographical information system.
Habitat fragmentation was assessed by patch size (ha) and by the amount of edge (m/ha) per forest stand, which was estimated from aerial photographs (1 : 10,000) and included boundaries between old or middle-aged stands and clearcuts or thickets respectively, plus trails and forest roads (>10 m wide), and gaps (>0.1 ha) within the stand. Measures of habitat structure included the number of distinct vegetation layers (one or two tree layers, shrub layer, field layer), and cover and composition (% of total cover estimated to the nearest 10%) of the tree and field layers. The ground vegetation types distinguished were mosses Bryophyta, ferns Pteridophyta, bilberry, raspberry Rubus spp., regeneration (trees <1 m height), and others (other herbaceous plants). Diversity of the tree and field layers was calculated by the Shannon-Wiener index (Krebs, 1989 ) based on tree species composition and ground vegetation types, respectively.
As an estimate of chick food availability, invertebrate abundance in the ground vegetation was measured in relation to canopy cover at 81 sites. These were divided among four forest stages (30 in clearcuts, five in pole stage, 15 in middle-aged, 31 in old forest), in each case with approximately equal numbers of grass-dominated (n = 37) and bilberry-dominated (n = 44) sites on NE-exposed slopes at 1100 m altitude. Catches were counted in five sweep-net samples per site taken on 10 July 1991. Abundance of anthills within forest stands was expressed as the proportion of random plots with anthills.
Radio tracking
Using mist nets in autumn habitats and at leks in spring, 16 capercaillie hens were caught and equipped with 28 g necklace transmitters. Two juveniles (<1 year) were distinguished by shape and pigmentation of the outer primaries (Helminen, 1963) . The tagged birds were located once or twice a day to determine the start of incubation. The nest site was visited once before hatching, usually without flushing the hen.
Broods of tagged hens were located daily, and mostly from a distance of <500 m. Three to five bearings were taken per fix; locations with error polygons >1 ha were excluded. The dataset included 215 locations from nine broods tracked between June and August 1988 August -1992 . Brood home ranges were estimated as convex polygons. As an index to brood movements, distances were measured between locations taken on consecutive days, i.e. at intervals of c. 24 h.
Survival of nests and broods
In order to detect nest losses during incubation, the presence of the hen at the nest was checked by telemetry at intervals of 1-2 days. When a hen was repeatedly located off the nest, the nest was checked. Clutch size was counted when the hen was off the nest, or only after hatching. Two nests that were robbed before they were recorded were assumed to have the mean clutch size.
Chick survival was expressed as the proportion of chicks still with the radio-tagged hens at various intervals after hatching, as estimated from weekly direct observations. If a count gave a higher number of chicks than the previous count the latter was corrected.
Habitat use
Analysis of nest site selection was based on 14 radiotagged hens, plus four nests found by chance during habitat mapping (Storch, 1991) . Nest sites were described by successional stage, stand size (<10 ha, 10-20 ha, >20 ha), and by the distance of the nest from an edge (0-25 m, 25-75 m, >75 m). For 12 nests of radiotagged hens, nest cover was classified as complete or incomplete, depending on whether or not the hen was camouflaged by vegetation from all sides when viewed from a distance of 2.5 m.
Habitat selection by broods was analysed stepwise at different spatial scales. As differences in habitat selection by young (June-July) versus older (August) broods were not significant, all data were pooled. At the landscape level, the distribution of radio locations was compared to availability of altitude ranges within the Teisenberg area.
Home range selection was analysed for six broods which survived through August, comparing the proportions of successional stages and of ground vegetation types in home ranges and in the study area (Wilcoxon signed-rank matched-pair test). The utilization (U) of old forest was calculated for each brood as the frequency of radio locations in old forest, and availability (A) as the proportion of old forest within the home range. To evaluate selection of bilberry within home ranges, U was calculated as the mean proportion of bilberry cover in the field layer at brood locations, and A as the mean proportion of bilberry in the home range. Ivlev's electivity index (Krebs, 1989) was calculated as I = (U -A)/(U+A), and the observed electivity scores were tested for random utilization of old forest stands and presence of bilberry (I = 0; Wilcoxon signed-rank matched-pair test).
To analyse habitat use at forest stand level, the distribution of radio locations was compared with habitat availability, which was estimated by a set of 2500 random points distributed over the habitat map of the study area (Mann-Whitney U-tests).
Statistical tests were two-tailed throughout.
RESULTS
Nesting habitat
Habitat distribution of nests differed significantly from expectation in relation to successional stage and distance to an edge, but not in relation to stand size. Clearcuts (with nine nests) and old forest (seven nests) were pre- Nine nests were successful so that, from a total of 90 eggs incubated, 56 chicks (62%) hatched (Fig. 2) . Two eggs in the same clutch failed because of early death of the embryos, and one clutch failed because the hen was killed by a predator when off the nest. All other losses were due to nest predation, but hens survived. Chicks hatched between 4 June and 9 July with a mean date of 25 June. Nest survival appeared to be related to nest cover: seven nests with complete cover were successful, but three out of five with incomplete cover failed (p = 0.045• Fisher's exact test).
Broods suffered high initial losses with only 38% of the chicks surviving the first two weeks, but in late August 20% of the chicks were still alive (Fig. 2) . When all chicks were lost, hens typically moved about 1 km to a distinct part of their range within a day and therefore total brood losses could be reliably noted. All three total brood losses occurred during the first two weeks of life, and coincided with periods of severe rainfall.
Habitat and range use by broods
Broods left the nest shortly after hatching, and within the first two months of their life daily distances moved increased with age (Fig. 3) . By late August, they had ferred to other seral stages (two nests) (x2 = 24.2, d.f. = 1, p < 0.001). In 15 cases, hens selected nest sites within 25 m from an edge, while the other three were between 25 and 75 m. For 12 radio-tagged hens, eight nests were sheltered from above by small trees, two by other vegetation, and two nests were at the trunks of tall trees. Cover and height of the field layer were inversely related to canopy closure (Fig. 1) , so better nest cover was available along old forest edges than within old forest stands.
Survival of nests and broods
All 14 adult tagged hens incubated but two juveniles gave no indication of nesting, and were very mobile throughout June. Dates for the start of incubation were normally distributed between 9 May and 20 June with a mean date of 29 May. The mean clutch size for 12 nests was 6-4 ± 1-1 SD. DAY OF LIFE Fig. 3 . Daily movements of broods in relation to age, as measured by the distance between locations in consecutive days (1 ± SD). For the first week, daily values are given; for older broods, data were pooled per week (n brood days is given above columns). 
HEIGHT OF FIELD LAYER [cm]
240 use Storch usually moved more than 1 km away from the nest and the home range averaged 148 ha (Table 1 ). All locations of tagged broods were on the upper slopes between 1000 and 1300 m. Habitat availability was therefore considered with respect to the upper slopes only in the further analyses (7% of the area were clearcuts, 13% thickets, 20% pole stage, 30% middleaged, and 17% old forest).
All radio-tagged broods used home ranges with more old forest and greater bilberry cover than expected from availability in the area; within home ranges all broods preferred old forest and locations rich in bilberry (p < 0.05 for all tests (Fig. 4) . Availability of other vegetation types within home ranges was not significantly different from expectation. At forest stand level, broods preferred habitats with moderate canopy cover, high ground cover, medium vegetation height (Fig. 5) , and anthills (Table 2) . These features were best represented in old forest. Old forest stands used by broods substantially differed from availability only with regard to bilberry cover (Table 2) . Invertebrate abundance was negatively related to canopy cover (Fig. 1) , and was not different between old forest and clearcuts, which had more invertebrates than had pole stage and middle-aged forest stands (F = 8.6, d.f. = 3, p < 0.05, ANOVA, Duncan test). Sweepnetting underestimated invertebrate abundance in bilberry-dominated vegetation, because shrubs taller than 30 cm such as on Teisenberg are much more resistant to sweeping than are grasses. Therefore, conclusions about invertebrate abundance in relation to vegetation types were not possible. The occurrence of anthills was correlated with bilberry cover UV = 0.11; p < 0.001). 67.2 ± 0.5 56.6 ± 1.0 53-7 ± 0.9 50.8 ± 0•7 88-1 ± 94.1 ± 0.7 84.6 ± 93•6 ± 0.8 3.7 ± 0•4 3.8 ± 6.7 ± 3•7 ± 0•4 7.3 ± 0.6 1.7 ± 0.2 7.5 ± 1. 7.8 ± 6.5 ± 0.7 5•9 ± 0.6 17.8 ± 14.3 ± 0.9 14.8 ± 0.8 13.4 ± 1.1 22.2 ± 27.1 ± 1.4 27•6 ± 30•9 ± 1.9 9.4 ± 1.3 30.4 ± 1.7 21.2 ± 2.0 35.2 ± 2.5 4.5 ± 2.5 ± 5•2 ± 0.6 1.8 ± 1.0 ± 0.2 1.3 ± 0.2 2.2 ± 0.3 1.2 ± 27.9 ± 1.8
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DISCUSSION
Nesting habitat
Nest site selection may primarily relate to predator avoidance (Bergerud & Gratson, 1988) . On Teisenberg, capercaillie nests are typically placed at the edge between old forest and clearcuts where there is particularly good ground cover. An experiment with dummy nests showed that these may be the habitats with the lowest risk of nest predation (Storch, 1991) . Records from Russia also show that capercaillie prefer to nest in edge habitats (Semenov-Tjan-Sanskij, 1960 , cited in Klaus et al., 1986 . Scandinavian results are ambiguous: although capercaillie were found to nest mostly in clearcuts or old forests, no preference was reported for edge habitats, nor was a significant relationship found between nest cover and survival Storaas & Wegge, 1987) . Variation in habitat structure and/or predator species may explain the differences observed.
Survival of nest and broods
Both nests and broods have been reported to suffer severe losses, but as in other grouse their relative importance for reproductive success may vary (Storch & Willebrand, 1991) . The Teisenberg sample of hens and nests was limited so results should be interpreted with caution, but they indicate that chick rather than nest loss was the major determinant of reproductive success. Yearly nest losses in capercaillie can vary considerably from less than 20% (HOglund, 1952) to 90% (Wegge & Storaas, 1990) . Studies in Scandinavia (Wegge & Grasaas, 1977) and central Europe (Klaus, 1985) suggest that nest losses have increased in recent decades as a consequence of habitat changes, and may be an important factor in the population declines observed. On Teisenberg, nest losses were rather low compared to other recent reports. Wild boar Sus scrofa, the main cause of nest destruction in other parts of central Europe (Klaus, 1985; Willer, 1985) , do not occur here, and crows Corvus spp., which are major predators of grouse nests in Scandinavia (e.g. Andrèn, 1989) , were almost never seen.
The high chick mortality on Teisenberg was probably due to climatic factors, especially rainfall during the first two weeks of life (e.g. Slagsvold & Grasaas, 1979; Moss, 1985; Moss & Oswald, 1985; Kastdalen & Wegge, 1991) . In the Bavarian Alps, periods of several days of almost continuous rainfall occur in June and July in most years. However, as hatching occurs over several weeks, it is unusual for all broods to be hit by rainy periods during their first two weeks.
Habitat and range use by broods
Grouse broods commonly leave the surroundings of the nest shortly after hatching. One possible explanation is poor interspersion of nesting and brood-rearing habitats (Bergerud & Gratson, 1988) but distinct habitat requirements of nests and broods were not evident on Teisenberg. By late August home range size was similar to figures reported from Norway . Broods mostly stayed within a kilometre of the nest throughout summer. Distances between daily locations varied considerably, as was described earlier for capercaillie Barikmo et aL, 1985) and other galliforms (Southwood & Cross, 1969; Erikstad, 1985) . Mobility may present an adaptation for predator avoidance. Alternatively, movements may be inversely related to factors of habitat quality, e.g. insect availability (Bergerud & Gratson, 1988) .
Invertebrates constitute a major portion of the diet of galliform chicks. Young capercaillie chicks were found to consume about 80% invertebrates, and select habitats with high invertebrate abundance (BOrset & Krafft, 1973; Kastdalen & Wegge, 1985) . Ants are regularly eaten by chicks and are frequently assumed to be critical to brood habitat, particularly in the central European literature (e.g. Glutz v. Blotzheim, 1973; Muller, 1974; Klaus et al., 1986) . The proportion in the diet varies among studies (Kastdalen & Wegge, 1985; Spidsti & Stuen, 1988) and was not known on Teisenberg, but broods and single adults used habitats rich in anthills (Storch, 1993a) . In adult capercaillie from Teisenberg, ants remained a minor component of the diet (Schwarzmiiller, 1990) . As occurrence of anthills and bilberry were intercorrelated, the strong preference for bilberry-rich ground vegetation may be the primary explanation for the frequent occurrence of anthills in capercaillie habitats. The availability of preferred invertebrate food, such as caterpillars (Kastdalen & Wegge, 1985) , varies with weather conditions, but anthills are a constantly available food source. Thus, ants may present an important resource when other insects are scarce and may play a role in brood survival.
As chicks grow older, vegetative matter, and especially bilberry-the preferred food of adults-gains importance in the diet (SpidsO & Stuen, 1988; Storch et al., 1991) . Bilberry supports higher arthropod densities than grass (Kastdalen & Wegge, 1985; Stuen & Spidsti, 1988; Biedermann, 1992) and thus provides both optimal plant and animal food for chicks. It also provides cover against predators, and probably a favourable microclimate as, unlike grasses, it withstands wind and rainfall. This may explain why bilberry was the major factor in habitat selection by broods at landscape, home range, and forest stand level. Other factors, such as vegetation diversity and layering, which are often stated to be vital to capercaillie habitats in central Europe (e.g. Klaus et al., 1985 Klaus et al., , 1986 , seem to be negligible as long as bilberry cover is provided.
Compared to the boreal zone, luxuriant bilberry cover is rare in central European forests and a decline is being observed due to eutrophication of forest soils from polluted rain and air (Porkert, 1982; Ellenberg, 1983 Ellenberg, , 1992 Klaus et al., 1985) . Loss and deterioration of bilberry habitats may lead to reduced brood survival and thus to population decline.
Implications for capercaillie conservation
In most of the central European range of the capercaillie, conservationists are trying to improve the situation of the species by habitat management. It is often postulated that brood habitats in particular should be protected, implying distinct habitat requirements of broods and adults, although there is no thorough evidence. The Teisenberg study makes it clear that birds both with and without broods favour coniferous forest with rich bilberry cover. Furthermore, nests and broods occur throughout the area used by adults (Storch, 1993 a,b,c;  this study).
Habitat management for capercaillie should aim to increase the amount of preferred habitat. Because of the birds' large spatial requirements (Storch, 1993a;  this study), both local habitat structure and landscape mosaic should be considered. Thinning and the creation of edges and gaps will favour the field layer in dense forests; bilberry develops best in stands with canopy cover of about 50% (Storch, in press ). Other factors which limit the growth of bilberry, such as browsing by deer, should be controlled. Foresters should neither use fertilizers, which favour the growth of grasses, nor insecticides. In order to protect nests, no cutting should be done along old forest edges between 1 May and 15 July.
Many central European capercaillie populations are small and isolated. As chick survival largely depends on weather conditions, small capercaillie populations are highly vulnerable and may not respond to habitat improvement. Therefore, habitat conservation should be initiated long before a population becomes in danger of extinction.
